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Abstract 
The recent research progress on tunable metamaterials is reviewed in the paper. Some classic kinds of  tunable 
metamaterials design, such as the liquid crystals based, ferrites based, superconductor based, varactor loaded, 
capacitor loaded, MEMS based, and the mechanical tunable metamaterials are introduced, respectively. We also 
compare the advantageous and deficiencies of the reported tunable metamaterials in every aspect from the 
fabrications and potential applications. 
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1. Introduction 
Metamaterials, especially negative index metamaterials [1], recently have attracted much attention 
since the publication of Smith et al.’s initial paper [2], which demonstrated the existence of such media. 
Most up to date, researches are focused on the various design methods [2–4], the novel electromagnetic 
properties [5,6], and the applications [7,8]. Because of the intrinsic and narrow resonance frequency band 
of most metamaterials, however, it cannot be used in some wide operating frequency areas. Recently, 
some tunable metamaterials have been proposed by using various additional materials and structures, such 
as the liquid crystals [9–21], ferrites [22–34], varactors [35–37], capacitors [38,39], superconductors [40], 
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MEMS [41], and the tunable structures [42–44]. This paper mainly discusses the recent research progress 
on the tunable metamaterials and some applications [45–50]. 
2. Liquid crystals based tunable metamaterials 
The tunable metamaterials based on the liquid crystals are firstly presented in this paper. Liquid 
crystals have a large optical anisotropy extremely sensitive to external fields and has been widely used to 
tune the band gaps of photonic crystal at optical frequencies [9,10]. Therefore, liquid crystals can be used 
to dynamically control the permittivity of the metamaterials, and thus to tune the reversed electromagnetic 
behaviors. Khoo et al. reported a theoretical analysis on the nanosphere dispersed liquid crystals to realize 
tunable metamaterial [11]. The effective refractive index of such metamaterial can be tunable from 
negative, through zero, to positive values by controlling the relative permittivity of the Liquid crystals. 
Because the relative permittivity of Liquid crystals is dependent on the director axis orientation angle 
with respect to the optical wave vector, and does not carry any resonant dependence. So tunability can be 
accomplished by an applied ac electric field, a magnetic field, or by another polarized optical field, or 
simply by changing the temperature of the sample. Then Zhao et al. theoretically analyzed the negative 
group refraction of the nematic liquid crystals [12]. Such refraction can be adjusted by an applied electric 
or temperature. The tunable negative refraction of the nematic liquid crystals was also experimentally 
demonstrated by measuring the refraction angle of the transmitted beam through the prism-shaped device 
and by controlling the magnetic field [13]. 
Because the permittivity of liquid crystals can be easily adjusted, one can add the liquid crystals to the 
conventional metamaterials to achieve the tunable properties. Werner et al. numerically analyzed the 
tunable refraction of a near-infrared metamaterial cladded with the liquid crystals as the superstrate and 
substrate [14]. The refraction of such metamaterial was tuned from negative to positive by controlling the 
permittivity of liquid crystals. Zhao et al. also numerically analyzed a tunable negative permeability 
metamaterial consisting of a periodic array of split ring resonators infiltrated with nematic liquid crystals 
[15]. The resonance dip of the negative permeability metamaterial can be continuously and reversibly 
adjusted by an applied electric field, which acts on the infiltrated nematic liquid crystals. Quite recently, 
other liquid crystal based tunable metamaterials, including the split ring resonators, omega–type 
resonators, and fishnet, were also numerically and experimentally demonstrated by controlling the electric 
field, magnetic field, and temperature, respectively [16–21]. 
These kinds of tunable metamaterial can be easily realized. The tunable properties can also be adjusted 
by simply controlling the applied electric field, magnetic field or the temperature. There are also some 
disadvantageous, for example, the tunable range is finite. 
3. Ferrites based tunable metamaterials 
Metamaterials consisting ferrites and wires can also achieve the tunable characteristics. This design 
method was firstly presented out by Dewar [22,23]. He showed the model schematic, which put the 
cladded wires with dielectric materials into the ferrite hosts, theoretically analyzed the effective 
permeability and permittivity of the composite media, and also discussed how to realize the negative 
refraction properties and reduce the losses. The negative effective permeability was realized by the 
ferrites under an applied magnetic bias. Therefore, one can expect that the negative permeability band can 
be tuned by controlling the magnetic bias. Cai et al., Rachford et al., and our research group presented the 
revised model and numerically demonstrated the negative transmission and tunability characteristics [24–
26]. Then He et al., Zhao et al., and our group experimentally demonstrated the negative transmission, 
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negative refractions, and tunability properties [27–30]. We also investigated the positive-negative-
positive refraction characteristics in a broad frequency band [31]. 
Because the tunable properties of the ferrites can be easily controlled by changing the applied 
magnetic bias, one can also add the ferrites to the conventional resonator metamaterials to achieve the 
tunable properties. Kang et al. analyzed and experimentally demonstrated the tunable characteristics of 
the ferrites based negative permeability metamaterials and left-handed metamaterials, respectively [32,33]. 
Meanwhile, adding the ferrites to the conventional resonator metamaterials can also achieve the tunable 
dual-band and multi-band metamaterials, which have been partly analyzed in our works [34]. 
These kinds of tunable metamaterial can also be fabricated easily. The tunability was controlled by 
changing the magnetic bias in a broad frequency band. However, the tunability needs the big magnetic 
bias of about several thousand Oe for conventional ferrites. In the future works, we should find out the 
special ferrites that just need very small magnetic bias to achieve the tunable negative permeability 
characteristics in the GHz and THz regions. 
4. Varactor/capacitor-loaded tunable metamaterials 
Tunable metamaterials loaded with varactor were firstly reported by Gil et al. and Vélez et al. [35,36]. 
They proposed that varactor-loaded split-ring resonators coupled to microstrip lines can lead to 
metamaterial transmission lines with tuning capability and the tunability was controlled by adding the 
variable voltage source. A series tunable negative permeability metamaterials and left-handed 
metamaterials loaded with varactors are designed and experimentally demonstrated. Then Wang et al. 
presented a tunable metamaterials based on the single side paired S-ring resonator loaded with microwave 
varactors [37]. The tunable negative refractions were experimentally demonstrated by measuring the 
refractive angle of prismlike sample with different voltage biases. 
Aydin et al. demonstrated a SRR metamaterial loaded with capacitor [38]. The capacitor can be added 
in the gap region between the concentric rings, the outer split region, and the inner split region. In the 
three conditions, the magnetic resonance frequencies can be tuned by changing the values of the capacitor. 
Hand et al. also presented a SRR metamaterial loaded with barium strontium titanate (BST) thin film 
capacitor [39]. The tunability can be obtained by controlling the voltage biases acted on the BST film 
capacitor. 
These kinds of tunable metamaterial have tremendous microwave engineering applications resulting 
from that they can be easily integrated into the microwave circuits to achieve such as the filters, antennas, 
and nonlinear components [45,46]. 
5. Other tunable metamaterials 
Recently, some other tunable metamaterials realized by different components are presented. For 
example, Ricci et al. proposed and experimentally demonstrated a tunable superconducting metamaterial 
[40] by using the fixed temperature superconductor. The tunability can be realized by changing the dc 
magnetic field and rf magnetic field. The structure units can also be controlled by MEMS method [41]. 
Tao et al. demonstrated the THz frequency tunable metamaterial by controlling the directions of the 
magnetic resonators or the electric resonators. Quite recently, the tunable negative permeability 
metamaterials based on the structure-shift of the resonators are also presented at microwave and THz 
frequencies [42–44]. As the increase of periodic lateral displacement of layers, the magnetic resonances 
were blue-shifted or red-shifted, resulting in the tunable characteristics.  
6. Some applications 
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The above mentioned tunable metamaterials have the significant applications in broad electromagnetic 
spectrum due to the tunable characteristics of the operating frequency band. For example, the ferrites 
based metamaterials can be used to fabricate the tunable phase shifter, and filter [47,48]. The varactors 
loaded metamaterials have the applications on designing the filters antennas, nonlinear components 
[45,46], and absorber [49]. The MEMS based metamaterials can be used to design the Frequency 
Selective Surface (FSS) [50]. 
7. Conclusions 
In this paper, some classic tunable metamaterials are presented along the different design methods, 
including the liquid crystals based, ferrites based, superconductor based, varactor loaded, capacitor loaded, 
MEMS based, and the structure tunable metamaterials. The tunable metamaterials open the way to 
fabricate various microwave components, antennas, absorbers, and FSS, etc.   
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